SUMMARY ANSWER: Overall, ART-conceived children do not appear to have an increased risk of cancer.
Introduction
The use of ART, i.e. IVF and ICSI, has strongly increased in Western countries (Calhaz-Jorge et al., 2016; Sunderam et al., 2017) . Over 6 million ART-conceived children have been born, including 80 000 in The Netherlands (Calhaz-Jorge et al., 2016; Sunderam et al., 2017) .
Each phase of the ART procedure, including stimulation of multiple follicles, the process of oocyte retrieval and sperm preparation, culture of embryos, cryopreservation of sperm, oocytes and embryos, and embryo transfer, is substantially different from natural conception (Buitendijk, 1999) . These processes occur in the same timeframe as epigenetic programming (Iliadou et al., 2011) . During the first days after conception, the pre-implantation embryo is sensitive to environmental factors as created during embryo culture which may alter fetal development, with both prenatal and postnatal consequences (Geuns et al., 2007; Ceelen et al., 2008; Market-Velker et al., 2010) . Additionally, differences in methylation of several genes have been found in cord blood and placenta samples from children conceived in vitro versus in vivo (Katari et al., 2009) . Altered epigenetic patterns have been found in embryos derived from animals after ART (Farin et al., 2004; Iliadou et al., 2011) . Furthermore, some studies of ARTconceived children reported an unexpectedly high incidence of rare cancer predisposition syndromes such as Beckwith-Wiedemann syndrome and Angelman syndrome (DeBaun et al., 2003; Gosden et al., 2003; Maher et al., 2003; Orstavik et al., 2003) .
In 2013, a systematic meta-analysis showed an increased overall cancer risk in children born after fertility treatment (relative risk: 1.33; 95% CI: 1.08-1.63) (Hargreave et al., 2013b) . However, this metaanalysis concluded that it is not clear whether other factors underlying subfertility rather than the ART procedure itself are the most important factors for (childhood) cancer. Therefore, more research was recommended (Hargreave et al., 2013b) . Since then, several cohort studies reported reassuring results for overall cancer risk (Williams et al., 2013 (Williams et al., , 2018 Sundh et al., 2014; Hargreave et al., 2015; Reigstad et al., 2016; Lerner-Geva et al., 2017) ; however, two studies found an increased overall cancer risk among offspring of women with fertility problems (Hargreave et al., 2013a; Wainstock et al., 2017) . While all studies found increased risks for specific cancer types (Williams et al., 2013; Hargreave et al., 2013a Hargreave et al., , 2015 Sundh et al., 2014; Reigstad et al., 2016; Lerner-Geva et al., 2017; Wainstock et al., 2017) , these findings were inconsistent across studies. Studies had relatively short follow-up (median: 10 years [range: 6.6-18.0] ) and other limitations such as a small number of cases (median: 119 [range: 7-481] ) or restriction to a general population comparison group (no possibility for confounding adjustment) (Williams et al., 2013 (Williams et al., , 2018 Hargreave et al., 2013a Hargreave et al., , 2015 Sundh et al., 2014; Reigstad et al., 2016; Lerner-Geva et al., 2017; Wainstock et al., 2017) , precluding firm conclusions (Reigstad et al., 2017) . We therefore evaluated cancer risk in ART-conceived children and young adults in the Dutch nationwide OMEGA-offspring cohort (van den Belt-Dusebout et al., 2016) . This cohort is uniquely positioned to examine this important question as it includes the oldest Dutch generation of ART-conceived children and a comparison group of naturally conceived children born to subfertile women.
Materials and Methods

Study design and participants
The OMEGA-women's cohort A large nationwide historical cohort study (OMEGA-cohort) was initiated in The Netherlands in 1995 to examine cancer risk among women who received ovarian stimulation for ART (van Leeuwen et al., 2011; Spaan et al., 2015; van den Belt-Dusebout et al., 2016) . In short, 30 838 women were identified who started ART treatment in 1983-2000 in 1 of the 12 Dutch IVF clinics.
In The Netherlands only hospitals with a certified ART lab are allowed by law to perform ART treatments. However, hospitals without an ART lab, are allowed to provide ovarian stimulation medication which is part of ART treatment. To obtain a large enough comparison group of subfertile women not treated with ART, we identified women who were diagnosed with fertility problems shortly before ART became a routine procedure for subfertile patients. The non-ART comparison group consisted of 10 013 women whose subfertility was diagnosed in the six participating clinics that had a computerized registry of all subfertile women evaluated during 1980-2000.
All women were asked to complete a risk factor questionnaire and an informed consent form for future linkage with disease registries; only 5.5% refused. In total, 62.8% women filled in the questionnaire. The questionnaire ascertained information on women's reproductive histories (for each pregnancy ≥24 weeks: conception method, date of birth, gestational length, sex, birth weight, congenital malformations, and death), parental cause of subfertility and fertility treatment.
Additionally, information about cause of subfertility and fertility treatments was abstracted from the women's medical records. For each ART, insemination and other fertility drug (FD) treatment date, dosage, type of FDs and outcome were recorded.
The OMEGA-offspring cohort
For the present research question, we used the Dutch Municipal Personal Records Database to identify all live-born offspring of 94.5% of all OMEGA-women, i.e. who responded or did not respond to the questionnaire. Offspring from the women who refused to participate (5.5%) could not be identified. In brief, in The Netherlands the personal record of a woman also includes information about her children. To identify all children from OMEGA-women a linkage was performed based on birthdate, name and postal code(s) of the mother, yielding complete information on dates of birth of all offspring for 99% of the cohort. Because of concerns about potential birth cohort effects on childhood cancer risk, we excluded children born before 1975, providing an equal age distribution between ART-conceived and non-ART-conceived children. After excluding children with incomplete birth dates, the cohort comprised 54 113 children. After the exclusion of children with unknown conception method (n = 1423) and adopted children (n = 4995) (see Assessment of conception method), the analytical cohort consists of 47 690 children (Fig. 1) .
Assessment of conception method
To determine the conception method of each child the exposure status of the mother (ART-treated versus not treated by ART) was insufficient because children of ART-treated women could have been conceived by ART, FDs or naturally. In addition, children from non-ART treated women could have been conceived by FD's or naturally. Therefore, each child's conception method was based on data regarding pregnancies (≥24 weeks) from the mother's questionnaires and medical records. For 70% of children, conception method was self-evident because complete information was available from a specific pregnancy reported by the mother in the questionnaire and/or, if the child was conceived by ART, about the specific ART cycle that led to the birth of the child (reported in the medical record). In the small proportion (1%) where self-reported information from the mother in the questionnaire was discrepant with that from the medical record, medical record data were used. For another 18% of children, conception method could be assigned based on the combination of birthdate of the child and first and last date of fertility treatments (ART and FD cycles (with/without intrauterine insemination)) of the mother. For example, children born before the first IVF-treatment cycle of a mother were classified as non-ART. For the remaining children with incomplete data in the questionnaires and/or medical records on dates of first and last ART-treatments and FD cycles of the mother (12%), conception method was assigned based on decision rules established by expert opinions (gynaecologists and reproductive epidemiologists) using the following variables: exposure status of the mother (ART vs non-ART), parental subfertility cause, child's birth year and medical record information about ovulation induction and intrauterine insemination.
In total, six (mutually exclusive) exposure categories were created: children conceived (i) by IVF/ICSI/cryopreservation of embryos (ART-conceived); (ii) by FDs, with/without intrauterine insemination, but not by ART (FD-conceived (non-ART)); (iii) naturally conceived; (iv) naturally or by FDs, but not by ART (naturally-or FD-conceived (non-ART)); (v) adopted children; and (vi) children for whom the conception method Children with incomplete birth dates were excluded from the cohort. Children with a cancer diagnosis before 1989 (reported in the mothers' questionnaires) were excluded from the cohort.
e Adopted children were excluded from the cohort. f Children with an unknown conception method were excluded from the cohort.
remained unknown. Children with unknown conception method (n = 1423) and adopted children (n = 4995) were excluded, leaving 47 690 children for analysis (Fig. 1) .
To prevent misclassification especially in the naturally conceived group, children born before 1983 (when ART was not available in The Netherlands) but for whom we could not distinguish whether they were conceived naturally or by FDs, were classified in the mixed-group 'naturally or FD-conceived (non-ART)'. In analyses comparing ART-conceived children with non-ART children, this mixed group was classified as non-ART.
Assessment of cancer incidence
The OMEGA-offspring cohort was linked with The Netherlands Cancer Registry (NCR), under strict privacy regulations. The NCR is a national population-based registry, with 96-98% completeness from 1989 (Schouten et al., 1993) . For each cancer among OMEGA children until 1 November 2016, NCR electronically provided information on date of diagnosis, topography, morphology and stage (International Classification of Diseases for Oncology (ICD-O)) (IKNL, 2016).
Statistical analysis
As the NCR did not fully cover The Netherlands before 1989, observation time for each child started on 1 January 1989 or date of birth, whichever came last. Person-years of observation were calculated until 1 November 2016, date of first cancer, or date of death, whichever came first. Deaths were ascertained from questionnaires completed by the mothers (response 62.8%) or by linkage with the digital database of the Dutch Municipal Personal Records Database. Children with a cancer diagnosis before 1989 were excluded (Fig. 1) .
Cancer incidence in the OMEGA-offspring cohort was compared with that in the Dutch general population by determining the standardized incidence ratio (SIR), defined as the ratio of the observed and expected number of cancers in the study population. Expected numbers were calculated by applying the person-year distribution in the cohort to sex-, age-and calendar year-specific cancer incidence rates from NCR.
Multivariable Cox regression models, with attained age on the X-axis, were used to directly compare cancer risk between ART-conceived and naturally conceived offspring, adjusting for confounding. We defined confounders as factors which changed the risk estimate for the exposure of interest by ≥10%. Based on a priori knowledge about risk factors for childhood cancer and perinatal factors associated with ART, we tested the following variables for confounding: parental subfertility cause, maternal age, child's birth year, birth weight, gestational length and multiple birth. Effect modification of the association between ART and cancer risk was tested for sex, parental cause of subfertility, and different age groups. Missing data in covariates were imputed. Single imputation was performed for missing data in birth weight (43.3%), gestational length (43.3%) and sex (5%), predicted by these variables and additionally multiple birth, child's birth year and conception method. Missing parental cause of subfertility (17.8%) was imputed using conception method, child's birth year and fertility clinic as predictors. The variables adjusted for in the analysis are provided in the footnotes to each table.
To disentangle potential associations with the in vitro procedures performed in ART treatments and associations with hormonal stimulation used in ART and other fertility treatments, different analyses were performed. The association between cancer risk and in vitro procedures was evaluated comparing cancer risk in ART children with that in non-ART children (i.e. all FD-and naturally conceived combined). To evaluate cancer risk after hormonal stimulation, cancer risk in children born after hormonal stimulation (i.e. ART-and FD-conceived combined) was compared with that in naturally conceived children.
Furthermore, risk was assessed according to various ART aspects (IVF, ICSI and cryopreservation of embryos), follow-up period, and for different cancer sites. Besides using the ICD-O, for exploratory analyses cancers were also classified according to cell type: blastoma, carcinoma, sarcoma, melanoma, lympho-haematopoietic malignancies and other.
Sensitivity analyses were performed to evaluate the influence of (i) inclusion of children with uncertain conception method (12%); (ii) inclusion of children born before 1989 (starting date NCR); and (iii) a propensity score adjustment. All tests were two-sided and a P-value of <0.05 was considered statistically significant. All statistical analyses were performed with Stata version 13.0.
Ethical approval
The participating IVF clinics and fertility clinics, the Authority for Personal Data Protection, and the NCR gave permission for the performance of this study according to the Dutch personal data protection act, by which the dataset with children's names has been encrypted by a Trusted Third Party (ZorgTTP).
Results
Population characteristics
In total, 24 269 children were conceived by ART, 4181 by FDs with/ without intrauterine insemination (non-ART), 13 761 naturally, and 5479 were conceived naturally or by FDs (non-ART). After a median follow-up of 21.0 years (IQR: 17.2-25.0), 231 cancers were observed; 93 in the ART group and 138 in the non-ART group. Follow-up was shorter in ART-conceived children (mean 19.8 years) than in naturally conceived children (mean 25.1 years) ( Table I) . As expected, ARTconceived children had older mothers, shorter mean gestational age, lower mean birth weight, and were more often part of a multiple birth than all other conception groups.
Comparisons with external reference rates
Compared with the general Dutch population, overall cancer risk was not increased in the entire OMEGA-offspring cohort (SIR = 1.06, 95% CI: 0.93-1.21) (Table II) , the ART group (SIR = 1.11, 95% CI: 0.90-1.36), or the non-ART group (SIR = 1.04, 95% CI: 0.87-1.22). Furthermore, with longer follow-up the risk of cancer compared with the general population did not increase in ART-conceived children age 15-19 years (SIR = 1.14, 95% CI: 0.70-1.74) and 20-24 years (SIR = 0.93, 95% CI: 0.46-1.66) (data not shown). Non-significantly increased risks were observed in children conceived by ICSI and from cryopreserved embryos (SIR = 1.67, 95% CI: 0.89-2.86 and 1.97, 95% CI: 0.54-5.04) compared with the general population (data not shown).
Site-specific cancer risks were not significantly increased in the entire cohort (Table II) . However, when stratifying according to conception method, risks of melanoma and retinoblastoma were non-significantly increased in ART-conceived children (SIR = 1.93, 95% CI: 0.92-3.54, based on 10 cases, and SIR = 2.64, 95% CI: 0.72-6.76, four cases, respectively), but not in naturally conceived children (SIR = 0.89, 95% CI: 0.41-1.69 and SIR = 0.0, 95% CI: 0.00-5.51, respectively) (Table II) . Results from a sensitivity analysis without children for whom conception method was a bit uncertain showed comparable results (ART-conceived children without those with an uncertain conception method: SIR = 1.10, 95% CI: 0.87-1.37). Only first cancers were included in the analyses. One child had a second cancer (hematologic malignancy), three children had a second cancer diagnosed at the same date as the first cancer (1x bilateral breast cancer, 1x bilateral retinoblastoma, 1x bone tumor). c Osteosarcoma: 5x ART, 1x naturally or FD-conceived (non-ART); Ewing sarcoma: 2x naturally conceived, 1x ART, 3x naturally-or FD-conceived (non-ART); Rhabdomyosarcoma:
3x naturally conceived, 3x ART. 
Comparisons within the cohort
We first investigated whether the in vitro procedures of ART were associated with overall cancer risk. Risk in ART-conceived children was neither increased compared with non-ART children from subfertile women (multivariably adjusted hazard ratio [aHR] = 1.10, 95% CI: 0.83-1.48), nor when compared with naturally conceived children of subfertile women (aHR = 1.00, 95% CI: 0.72-1.38) (Table III) . Analyses investigating the association with hormonal stimulation showed that cancer risk in children conceived by either ART or FDs (i.e. after ovarian stimulation), compared with naturally conceived children, was also not increased (aHR:0.95, 95% CI: 0.69-1.30) (Table III) . Non-significantly increased cancer risks were observed in ICSI-conceived children compared with naturally conceived children (aHR = 1.52, 95% CI: 0.81-2.85) (Table III) or with IVF-conceived children (aHR = 1.60, 95% CI: 0.87-2.93). Children conceived from cryopreserved embryos also had a non-significantly increased risk (aHRs = 1.80, 95% CI: 0.65-4.95 and 1.83, 95% CI: 0.67-4.98) compared with naturally conceived children (Table III) and with children born from fresh ART embryos, respectively. Perinatal factors, such as multiple birth, birth weight, and gestational length, were not significantly associated with cancer risk (Supplementary Table SI) .
Sensitivity analyses excluding children with uncertain conception method (12%) showed similar risk of cancer in ART-versus naturally conceived children (HR = 0.96, 95% CI: 0.68-1.36). Excluding children born before 1989 (starting date NCR) yielded a hazard ratio for ARTversus naturally conceived children of 0.81 (95% CI: 0.56-1.16). Propensity score adjustment showed similar results (HR = 1.02 95% CI: 0.72-1.45).
In analyses stratified according to attained age, cancer risk in ARTconceived children was neither increased before 18 years (HR = 0.95, 95% CI: 0.64-1.42), nor from 18 years onwards (HR = 1.25, 95% CI: 0.73-2.13), compared with naturally conceived children (Supplementary Table SII) . Similar results were observed when ART-conceived children were compared with non-ART children (<18 years: HR = 1.02, 95% CI: 0.72-4.44, ≥18 years: HR = 1.31, 95% CI: 0.79-2.18) ( Supplementary  Table SII) . Furthermore, in analyses stratified before and after age 15 or age 25, results were comparable(data not shown).
There were no significantly increased site-specific cancer risks in ART-conceived children when compared with naturally conceived children (Table IV) . However, risks of lymphoblastic leukemia were nonsignificantly higher in ART-and FD-conceived children than in naturally conceived children. Risk of melanoma was non-significantly higher in ART-conceived children than in naturally conceived children (HR = 1.86, 95% CI: 0.66-5.27). ART-conceived boys tended to have a lower risk of testicular cancer, although not statistically significant. When cancers were classified according to cell type, HRs were non-significantly higher for blastoma and melanoma in children conceived by ART or FDs than in naturally conceived children (Supplementary Table SIII) .
Discussion
This large-scale study with 21 years of follow-up shows that overall cancer risk in ART-conceived children is not increased, neither when compared with the general population nor when compared with naturally conceived offspring born to subfertile women. Our study is the first one to compare long-term cancer risk in ART-conceived children Reference group is naturally conceived: N = 13 761, n = 92. e Three cases in children born from cryopreserved embryos after IVF, one case in a child born after a cryopreserved embryo after ICSI. In sensitivity analyses with propensity-score adjustment results were comparable when comparing cancer risk in ART-conceived children with non-ART children (HR = 1.02, 95% CI: 0.72-1.45). The propensity score for being conceived by ART (yes/no) was calculated using a mixed-effects logistic model with random intercept and fixed effects for parental cause of subfertility, the child's year of birth, maternal age and fertility clinic. both with the general population and with naturally conceived offspring from subfertile women, while adjusting for confounders.
Results from this study are in line with those of recently published studies to the extent that no increased overall cancer risk was observed. However, we found non-significantly increased risks in children conceived by ICSI and/or born after cryopreservation of embryos. Because the number of cancers in these groups were small, these findings may be due to chance and must be interpreted with caution. Only three earlier studies investigated cancer risk in children born after ICSI and/or cryopreservation of embryos; no significantly increased risks were found. In a large study among 106 381 British ART-conceived children, with a short median follow-up (6.6 years), the SIR for ICSI was 1.07 (95% CI: 0.70-1.57) and after cryopreservation 1.24 (95% CI: = 0.69-2.04) (Williams et al., 2013) . No comparison with naturally conceived children from subfertile women was made. In another British study among 12 137 children born after donor ART, with a short mean follow-up (7.9 years), overall cancer risk was not increased compared with the general population. Neither the risk of childhood cancer in children conceived after ICSI (SIR = 0.00, 95% CI: 0.00-1.76) nor that after cryopreservation of embryos (SIR = 0.88, 95% CI: 0.11-3.18) was increased (Williams et al., 2018 ICSI-conceived children were observed while 15.5 were expected (Kallen et al., 2010) . As ever more children are born through ICSI and/or cryopreservation of embryos, long-term cancer risk should be investigated in cohorts comprising larger numbers of children born through ICSI and/or cryopreservation of embryos.
In analyses according to cancer site and cell type, risks of lymphoblastic leukemia, melanoma, and blastoma were non-significantly increased in ART-conceived children compared with naturally conceived children. Compared with the general Dutch population, risks of melanoma and retinoblastoma were non-significantly increased in ART-conceived children. An increased risk of childhood leukemia was reported by seven studies (Schuz et al., 1999; Kallen et al., 2010; Petridou et al., 2012; Rudant et al., 2013; Hargreave et al., 2013a; Reigstad et al., 2016) . Two out of six studies investigating risks of leukemia subtypes, found increased risks of lymphoblastic leukemia, one after ART (Petridou et al., 2012) and one after ovulation induction (Rudant et al., 2013) . Literature on melanoma risk in ART-conceived children is scarce. Only one previous study reported on skin cancer in young adults born to women evaluated for infertility (HR = 1.22, 95% CI: 0.94-1.60) (Hargreave et al., 2013a) . Two other studies reported the number of observed melanomas (Kallen et al., 2010) and skin cancers (Wainstock et al., 2017) but numbers were too small for statistical analysis. Therefore, more large studies are needed to further investigate risks of cancer types frequently occurring at young adult ages, such as melanoma. Since we are the first to explore cancer risk according to cell type we could not compare our results regarding a potential increase of blastoma risk with other studies.
So far, cancer risk in ART-conceived children at young adult ages could not be studied due to lack of sufficient follow-up time. Only one Danish study examined cancer risk in young adults conceived after FD use of the mother, but could not study the specific association of ART on cancer risk (Hargreave et al., 2015) . Reassuringly, in analyses according to attained age in the current cohort, cancer risk in ART-conceived children from age 18 onwards (young adulthood) was not significantly higher than in naturally conceived children (HR = 1.25) or the general population.
Strengths and limitations
Strengths of this study include long and complete follow-up, a comparison group of naturally conceived children from subfertile women, and detailed information on potential confounders. Furthermore, selection bias is minimized because the Dutch Municipal Personal Records Database yielded complete information about all offspring from women included in the OMEGA study (all responding and non-responding women to the questionnaire) and cancer incidence in offspring was obtained through the national population-based NCR. Furthermore, information was available about ART and FDs, enabling the investigation of cancer risk separately for children born after FDs or ART. We could also investigate whether cancer risk was associated with hormonal stimulation used in ART and other fertility treatments or with the in vitro procedure used in ART, giving insight into potential mechanisms of cancer development in case of elevated risks. In addition, potentially increased risks of cancer due to parental subfertility were addressed in our study design, as we included a comparison group of children from subfertile women who were conceived naturally.
This study also has several limitations. First, as cancer in children and young adults is rare, the number of cancers was rather small for subgroup analyses, despite the large size and long follow-up of the cohort. Therefore, the observed non-significantly increased risks must be interpreted with caution. Second, for 12% of children the conception method could not be derived from information on pregnancies reported in the mothers' questionnaire or medical records. Although their likely conception method could be determined based on a combination of exposure status of the mother (ART versus non-ART), parental subfertility cause, child's birth year and medical record information about ovulation induction and intrauterine insemination, using expert knowledge about clinical practice at the time, some non-differential misclassification may have attenuated the risk estimates. Results from a sensitivity analysis restricted to children for whom conception method was known were comparable, rendering misclassification bias unlikely. In determining the likely conception method for the 12% children with partially missing data, we did not take the uncertainty into account. Multiple imputation would do so and result in wider confidence intervals, which would support our conclusion that cancer risk is not elevated. Third, the cohort includes children born from 1975 onwards while cancer registration was incomplete before 1989. Therefore, accrual of person-years and childhood malignancies started in 1989. We expected only 6.1 cancer diagnoses in our cohort before 1989 and excluded five cancer cases diagnosed before 1989 identified by the mothers' questionnaires. Survivor bias is therefore highly unlikely. Finally, potential confounding might have affected our results since data for factors such as gestational age, birth weight, multiple birth, and parental cause of subfertility were missing for a substantial proportion of the cohort and had to be imputed. However, although mechanistic evidence is still insufficient, gestational age, multiple birth and birth weight might also be intermediate factors, i.e. adjustment might not be indicated. After multiple imputation of missing data, adjustment for some of these factors in the analyses for specific cancer sites (Table IV) slightly affected the results, i.e. the HRs increased somewhat. If these factors were mediating factors a decrease in HR would be expected. Therefore, these results do not support evidence for either strong confounding or mediation. In addition, in the main analysis perinatal factors did not influence the results at all. Only adjustment for parental cause of subfertility (with 17.8% missing data) changed the risk estimate by more than 10% but still did not affect our conclusions (Table III) .
In conclusion, reassuringly, ART-conceived children do not have an increased cancer risk after a median follow-up of 21 years. This large study provides important results, enabling physicians to better inform couples considering ART about long-term safety of ART in ARTconceived children. More large studies with prolonged follow-up are needed to investigate cancer risk in adults and in children conceived by ICSI and/or from cryopreserved embryos. In addition, international pooling of studies is recommended to provide sufficient power to study risk of specific cancer sites.
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